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A system for high-efficiency single- and double-crossover homologous integration in gram-positive bacteria
has been developed, with Lactococcus lactis as a model system. The system is based on a thermosensitive
broad-host-range rolling-circle plasmid, pG'host5, which contains a pBR322 replicon for propagation in
Escherichia coli at 37°C. A nested set of L. lactis chromosomal fragments cloned onto pG'host5 were used to
show that the single-crossover integration frequency was logarithmically proportional to the length ofhomology
for DNA fragments between 0.35 and 2.5 kb. Using random chromosomal 1-kb fragments, we showed that
homologous integration can occur along the entire chromosome. We made use of the reported stimulatory effect
of rolling-circle replication on intramolecular recombination to develop a protocol for gene replacement.
Cultures were first maintained at 37°C to select for a bacterial population enriched for plasmid integrants;
activation of the integrated rolling-circle plasmid by a temperature shift to 28°C resulted in efficient plasmid
excision by homologous recombination and replacement of a chromosomal gene by the plasmid-carried
modified copy. More than 50% of cells underwent replacement recombination when selection was applied for
the replacing gene. Between 1 and 40%o of cells underwent replacement recombination when no selection was
applied. Chromosomal insertions and deletions were obtained in this way. These results show that gene
replacement can be obtained at an extremely high efficiency by making use of the thermosensitive rolling-circle
nature of the delivery vector. This procedure is applicable to numerous gram-positive bacteria.

Numerous gram-positive bacteria are targets of study as
biological models (e.g., Bacillus subtilis), industrially impor-
tant fermenter strains (the lactic acid bacteria), or pathogens
(e.g., clostridia, listeria, staphylococci, and streptococci).
Many strains of industrial or medical importance have been
characterized physiologically, but relatively few have been
studied or modified genetically. The study or modification of
strains could be facilitated by the use of delivery vectors for
the introduction of directed or nonspecific insertions in the
bacterial chromosome. Delivery systems that rely on non-
replicative vectors are limited to bacteria that can be trans-
formed at a high frequency, and those with conditionally
active replicons are often restricted in their host range.
Thus, the construction of recombinant strains requires sub-
stantial effort and can be applied efficiently only to particular
organisms.
We previously described a broad-host-range thermosensi-

tive (Ts) plasmid, pVE6002 (22), which was isolated from
pGK12 (15). Such plasmids replicate by a rolling-circle (rc)
mechanism (rc plasmids) (21). pVE6002 was shown to have
potential use as a delivery vector in numerous gram-positive
bacteria (22). Ts plasmids are nonreplicative at 37°C, making
them particularly useful in bacteria with a low-temperature
growth range or when a drastic thermal shock is undesirable.
Here, we use a Ts plasmid derivative to characterize gene
inactivation or replacement by homologous recombination,
with Lactococcus lactis as the model system.
We examined single-crossover (sco) integration at several

random locations on the L. lactis chromosome and at a
defined region (ilv operon; 7). Integration frequencies varied
between 10-' and 10-2 and were affected by both the length
and the nature or position of the recombining sequences. We
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also developed a system of high-efficiency gene replacement
by double-crossover (dco) integration and tested it in a
poorly transformable strain. With two different constructs,
gene replacement in the chromosome was obtained at fre-
quencies of between 50 and 98%. Furthermore, replacement
or deletion of a chromosomal gene could be obtained without
selection for the replacing gene at frequencies of between 1
and 40%. These frequencies are significantly higher than
those previously reported for other gene replacement strat-
egies. This high efficiency is attributed to the stimulatory
effect of rc replication on intramolecular recombination.
Since pG'host plasmids can be established in numerous
gram-positive organisms, this methodology may facilitate
the construction of recombinant food-grade "safe" strains.

MATERIALS AND METHODS

Bacterial strains and plasmids and transformation and
growth conditions. The bacterial strains and plasmids used in
this study are listed in Table 1. Eschenichia coli strains were
grown in Luria-Bertani broth. L. lactis was cultured in and
plated on M17-glucose broth (35) or minimal medium (32)
when tested for the ilv phenotype. Erythromycin was added
at 5 ,ug/ml for L. lactis and 150 ,ug/ml for E. coli, and
tetracycline was used at 12.5 jxg/ml for L. lactis. Electropo-
ration ofL. lactis by published methods (13) yielded between
105 and 106 transformants per i'g of plasmid DNA for IL1403
and about 102 transformants per ptg of plasmid DNA for
NCDO2118, the ilv+ strain used for the gene replacement
experiments. E. coli was transformed as described before
(11).

Construction of plasmids for integration. (i) Construction of
the vector. pG+host4 (previously published as pVE6004; 22)
is a Ts derivative of pWV01 carrying the Emr gene of pE194
and a multicloning site originating from pBluescript (Strata-
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TABLE 1. List of strains and plasmids

Strain or plasmid Genetic markers and/or description Source or reference

Strains
L. lactis

IL1403 Plasmid free; r- m-; prophages bI285 and bI286 2
NCDO2118 Natural isolate National Collection of

Dairy Organisms

E. coli TG1 supE Ahsd-S thi A(lac-proAB) F'[traD36proAB+ lacIq lacZAM15] 31

Plasmids
pG+host4 Ts derivative of pGK12; Em' 22
pG+host5 NsiI-blunt-ended pG'host4 fragment joined to the 1.46-kb AvaI-AlwNI-blunt-ended This work

pBR322 fragment; Emr
pVE7021 to SmaI-HindIII-restricted pG+host5 joined to an EcoRV-HindIII random chromosomal This work
pVE7034 fragment of IL1403; Emr

pIL515 3.9-kb EcoRI ilv fragment of IL1403 in pBluescript; Amp' 6
pVE7009 3.9-kb EcoRI fragment of pIL515 joined to EcoRI-restricted pG+host5 This work (see Fig. 2A)
pVE7009R Same construct as pVE7009, but with the insert in the opposite orientation This work (see Fig. 2A)
pVE7015 SphI-EcoRV deletion of pVE7009R, leaving a 3,362-bp ilv fragment This work (see Fig. 2A)
pVE7014 StyI-EcoRV deletion of pVE7009R, leaving a 2,904-bp ilv fragment This work (see Fig. 2A)
pVE7010 ClaI deletion of pVE7009R, leaving a 2,552-bp ilv fragment This work (see Fig. 2A)
pVE7016 XcmI-EcoRV deletion of pVE7009R, leaving a 1,912-bp ilv fragment This work (see Fig. 2A)
pVE7013 AatII-EcoRV deletion of pVE7009R, leaving a 1,206-bp ilv fragment This work (see Fig. 2A)
pVE7011 HindIII deletion of pVE7009R, leaving a 497-bp ilv fragment This work (see Fig. 2A)
pVE7012 PstI deletion of pVE7009R, leaving a 356-bp ilv fragment This work (see Fig. 2A)
pVE7017 PflMI-EcoRV deletion of pVE7009R, leaving a 330-bp idv fragment This work (see Fig. 2A)
pIL500 18.5-kb XbaI idv fragment of the NCDO2118 chromosome in pIL253 7
pIL1202 XbaI-restricted pG'host4 containing the 1.1-kb XbaI-BglII and the 2.5-kb EcoRI-XbaI 6; see Fig. 4B

extremities of the 18.5-kb fragment of pIL500 joined together by the 4-kb BamHI
tetM gene; for insertion of the tetM gene, the BglII, EcoRI, and BamHI sites were
blunt ended

pIL1261 2.3-kb XbaI-EcoRI fragment from pIL500 disrupted by a 4-kb BamHI tetM gene 8
cloned in its BglII site and joined to XbaI-EcoRI-restricted pBluescript

pIL1263 XbaI-EcoRI-restricted pG+host4 joined to the 6.3-kb XbaI-EcoRI fragment of pIL1261 8; see Fig. 4A

gene, La Jolla, Calif.). For facilitation of cloning in E. coli,
the 1.4-kb fragment containing the pBR322 origin was in-
serted into pG'host4 (Table 1). The resulting plasmid was
designated pG'host5 (Appligene, Illkirch, France). The
pBR322 origin activity allowed maintenance of the plasmid
at 37°C in E. coli, and the Ts origin maintained pG'host5 at
28°C in gram-positive bacteria.

(ii) Cloning ofrandom L. lactis chromosomal fragments into
pG'host5. Chromosomal DNA of IL1403 was restricted to
completion with EcoRV and HindIII. Chromosomal frag-
ments of between 0.9 and 1.4 kb were purified from agarose
gels with Geneclean (Bio 101, Inc., La Jolla, Calif.) and
ligated with SmaI-HindIII-restricted pG'host5. Recombi-
nant plasmids were established in E. coli and then electro-
porated into L. lactis. DNA isolated from the latter was used
to verify plasmid structures and insert sizes (Table 2).
Restriction enzymes HpaI (a single site in the vector moiety
only) and HindIII (a single site between the insert and the
vector) were used to analyze the integrants.

(iii) Cloning and deletion of an ilv operon fragment. A
3,949-bp EcoRI fragment of the IL1403 idv operon (7) was
cloned in either orientation into the EcoRI site of pG+ host5;
the plasmids were named pVE7009 and pVE7009R. A set of
nested deletions in the DNA insert of pVE7009R was gen-
erated by restriction digestion. For plasmid constructions
and insert sizes, see Table 1 and Fig. 2A.

sco integration into the L. lactis chromosome. Lactococcal
strains containing the test plasmids were grown overnight at
28°C in the presence of erythromycin and then diluted

100-fold in the same medium and grown at 28°C for 2 to 2.5
h (log phase). Cultures were shifted to 37.5°C for 3 h
(between six and nine generations) to lower the plasmid copy
number per cell. Samples were then diluted and plated at

TABLE 2. Frequency of ipc at different locations on the L.
lactis chromosome

Group Plasmid ~ Insert size Frequency of ipcGroup Plasmid Inserte(kb) (avg + SD)'

I pVE7025 1.29 (3.0 ± 0.3) x 10-2
pVE7034b 1.05 (3.8 ± 0.5) x 10-3
pVE7021 1.29 (3.4 ± 2.6) x 10-3
pVE7024 0.96 (2.5 + 1.3) x 10-3
pVE7030 1.42 (2.3 ± 0.8) x 10-3
pVE7028b 1.46 (7.2 ± 0.7) x 10-4
pVE7023 1.29 (6.6 ± 3.9) x 10-4
pVE7022 1.08 (5.7 ± 0.3) x 10-4
pVE7027 1.05 (5.2 + 1.3) x 10-4
pVE7026 0.96 (4.0 ± 0.5) x 10-4

II pVE7029 1.02 (1.1 ± 0.4) x 10-5
pVE7031 0.96 (9.9 ± 3.9) x 10-6
pVE7032 1.37 (8.6 ± 5.0) x 10-7
pVE7033 1.25 (3.9 ± 0.9) x 10-7

0 Determined as described in Materials and Methods. For each plasmid, at
least two independent measurements were made. The frequency of nonspe-
cific background integration of pG'host5 was between 10-6 and 10-7.

b HMW-producing plasmid.
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370C on M17-erythromycin plates to detect integration
events and at 280C on nonselective plates to determine the
viable cell count. The frequency of integrations per cell (ipc)
was estimated as the ratio of the number of Emr cells at 370C
to the number of viable cells at 280C. For subsequent use,
the integrants isolated at 370C were routinely maintained at
37.50C in M17 medium containing erythromycin.
dco integration into the L. lactis chromosome. Plasmids

pIL1263 and pIL1202, constructed by N. Goupil (8) and J. J.
Godon (6), are composed of the Ts vector (pG'host4; Emr)
and of 2.3- and 3.6-kb chromosomal regions, respectively,
interrupted by the tet gene of TnJS45 (23). A strain carrying
pIL1202 or pIL1263 was grown overnight at 37.50C in M17
medium with tetracycline or erythromycin to obtain a pop-

ulation of integrants. The culture was then diluted 1:105 in
M17 medium without antibiotic and shifted to 280C to allow
the stimulation of recombination by plasmid replication. We
determined that growth for 12 h or more at 28°C yielded
maximal frequencies of gene replacement. Routinely, an

overnight saturated 28°C culture was plated at various cell
concentrations at 37°C with or without tetracycline selection
(as indicated in Results). Colonies were transferred by use of
toothpicks to erythromycin- and tetracycline-containing
plates. Colonies in which gene replacement had occurred
were phenotypically Tetr and Ems.
DNA isolation and electrophoretic analysis. Chromosomal

DNA was prepared as previously described (9). For detec-
tion of integration by homologous recombination, purified
DNA was treated with restriction enzymes, separated by
agarose gel electrophoresis (31), and analyzed by Southern
hybridization (33) with nick-translated (31) plasmid DNA
probes.

RESULTS

sco integration. Random L. lactis chromosomal fragments
were cloned into pG'host5 in E. coli. Fourteen different
plasmids, each containing a distinct chromosomal insertion
ranging from 0.9 to 1.4 kb, were isolated. These plasmids
were established in IL1403 at 28°C and used to measure

integration frequencies along the L. lactis chromosome.
Integrants were selected as Emr colonies at 37°C (see
Materials and Methods), and respective integration frequen-
cies were determined (Table 2). The ipc frequency was

between 10-2 and 10-7. In comparison, the ipc frequency
obtained with vector pG'host5 without a chromosomal
insert was between 10-6 and 10-7. Nonspecific vector
integration was observed with pE194Ts (12) in B. subtilis and
with a nonreplicative vector in L. lactis (20).
The 14 plasmids bearing chromosomal inserts could be

classified into two groups on the basis of their ipc frequen-
cies. In group I (10 plasmids), the ipc frequency varied from
3 x 10- to 4 x 10-4. Since the lengths of homology were

nearly the same in all cases, we supposed that the variations
in integration frequencies were due to the location or the
nature of the insert rather than to its size. In group II (four
plasmids), the ipc frequency was between 1 x 10- and 3 x

10-7. These frequencies were very close to the background
level, and integration of these plasmids was found to be
nonspecific (see below).

It was reported that insertions of certain DNA fragments
into rc plasmids led to the accumulation of high-molecular-
weight molecules (HMW), i.e., linear head-to-tail repetitions
of the plasmid (9). As HMW alter the conformation and copy
number of the plasmid, they could have an effect on recom-
bination frequency. We therefore examined all our plasmid

derivatives for HMW production. Two plasmids (pVE7028
and pVE7034) of 14 produced HMW; integration frequencies
were in the range of the first group of integrants, a result
suggesting that this plasmid form does not strongly affect
intermolecular recombination frequency.

Physical analysis of integrants. Chromosomal DNA pre-
pared from integrant strains maintained at 370C was submit-
ted to restriction enzyme analysis and Southern hybridiza-
tion with the plasmid vector (pG'host5) as a probe.
Preliminary analysis of independent isolates of each inte-
grant indicated single- and multiple-copy integrations for
eight plasmids (three independent colonies were tested) and
multiple-copy integration for two plasmids, pVE7034 and
pVE7028 (six colonies were tested), which generated HMW.
Eight single-copy integrants were characterized further. To
confirm that plasmid integration occurred by sco, we treated
integrant DNAs with HindIII. Each plasmid contains a
single HindIII site at the vector-insert junction, and diges-
tion should liberate a single linear plasmid band. Indeed,
HindIII digestion of the eight characterized single-copy
integrants of group I gave rise to a monomeric plasmid band
(Fig. 1A). Southern hybridization of nondigested total DNA
did not reveal free plasmids in any of the group I plasmids,
a result indicating that the plasmid copy was integrated (Fig.
1B). Taken together, these results show that sco homologous
recombination occurred in the eight group I plasmids exam-
ined. A similar analysis of the two HMW-producing plas-
mids, pVE7028 and pVE7034 (data not shown), confirmed
that these plasmids were also integrated by sco. Using HpaI,
which recognizes a single site within the vector, we deter-
mined that each plasmid was integrated at a distinct position,
as each junction fragment DNA pattern was different (Fig.
1C).
The four group II plasmids (low ipc frequency) appeared

to be integrated at random, as HindIII digestion did not
release a monomeric plasmid band, and HpaI digestion of
three integrants of the same plasmid did not yield the same
gel pattern (data not shown). The lack of integration of these
plasmids by homologous recombination may indicate that
such an event would be lethal.
The megabase restriction map of the L. lactis chromosome

developed with SmaI andApaI (16-18) allowed us to localize
the site of integration of the sco integrants on the chromo-
somal map. The eight single-copy sco integrants were
mapped by SmaI and ApaI digestion; each integrant was
present on a different segment (data not shown). Taken
together with the results of the HpaI analysis, these results
indicated that the chromosomal insertions were randomly
positioned on the chromosome, thus excluding any bias in
our procedure.

ipc depends on the length of homology. A 3.9-kb segment of
the sequenced IL1403 ilv operon (7) was cloned in
pG'host5, and a nested set of deletions of the fragment were
generated on the same vector (Fig. 2A). While plasmids
carrying the entire 3.9-kb insert in either orientation
(pVE7009 and pVE7009R) showed some structural instabil-
ity in L. lactis, all eight deletion derivatives of pVE7009R
were stable. These clones were used to examine the rela-
tionship between length of homology and ipc (Fig. 2A).
We observed a log-linear relationship between ipc and

length of homology for lengths of between 356 and 2,552 bp,
with a slope of 1.12 x 10 3per base pair (Fig. 2B). The ipc
frequency for one smaller fragment (330 bp; pVE7017) fell
below this proportion, a result suggesting that we may have
reached a threshold length for efficient homologous integra-
tion. Nevertheless, the pVE7017 ipc frequency was higher

J. BA&MERIOL.
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FIG. 1. sco integration of group I plasmids. Chromosomal DNA of single-copy plasmid integrants was treated with restriction enzymes
and analyzed by agarose gel electrophoresis and Southern hybridization with pG'host5 as a probe. The integrants analyzed were obtained
with pVE7021 (lane 1), pVE7022 (lane 2), pVE7023 (lane 3), pVE7024 (lane 4), pVE7025 (lane 5), pVE7026 (lane 6), pVE7027 (lane 7), and
pVE7030 (lane 8). The Raoul marker and a supercoiled ladder were used as size references in panels A and C and panel B, respectively. DNA
lengths are indicated in kilobases. (A) HindIII recognizes a single site between the vector and the chromosomal DNA insert. In each case,
the hybridizing band corresponds to the linear plasmid, a result indicating that integration occurred through sco. No secondary bands were
visible. (B) Undigested chromosomal DNA shows hybridization only at the chromosomal level, a result indicating the absence of free plasmid
DNA in integrants. (C) HpaI recognizes a single site within the vector, and digestion generated two bands, corresponding to the chromosomal
junction fragments. A faint band corresponding to the linear plasmid was detected in lanes 1, 4, 5, 6, and 8. Since we did not find any free
plasmid in the integrants (panel B), we concluded that the faint band was due to low levels of plasmid amplification in the population (29).

than the nonspecific background ipc frequency for the vec-
tor. For fragments larger than 2,552 bp, recombination
frequencies appeared to reach a plateau, as ipc frequencies
for 2.5-, 3.3-, and 3.9-kb homologous segments were not
significantly different. Factors other than length (i.e., HMW
production, structural instability, and copy number) also
appear to be important, as the ipc frequencies for the same

A

Plasmids Insert Size I P C
(base pairs) ( Average ± SD )

pVE 7009

pVE 7009.R

pVE 7015

pVE 7014

pVE 7010

pVE 7016

pVE 7013

pVF 7011

pVE 7017

pVE 7012

3949 3.4+1AxlO 3

3949 6.1 + 1.5x 10 2

3362 9.4 + 1.6 x 10 2

2904 3.4 + 0.8 x 10 -2
2552 3.4 + 0.3 x 10 -2
1912 7.9 + 2.6 x 10 3

1206 1.2+0.1x10 3

497 1.7 + 0.8 x 10 4

330 1.9+0.6x 10 5

356 1.4+0.1 x 10 4

3.9-kb segment in the two orientations on the vector differed
by 18-fold.
DNAs of integrant strains were examined biochemically

for homologous integration. For each plasmid used, three
integrants were analyzed with restriction enzymes recogniz-
ing a single site in the vector, in the insert, or in the
vector-insert junction. After separation on agarose gels,

B
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.-I
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0.0 0.5 1.0 1.5 2.0 235 3.0 3.5 4.0 4.5

Insert Size ( kb )
FIG. 2. Length of homology and relative integration frequencies. (A) A 3,949-bp EcoRI fragment of the IL1403 ilv operon was cloned into

pG'host5 in both orientations, generating pVE7009 and pVE7009R. A nested set of eight deletion derivatives were made from pVE7009R with

different enzymes (Table 1). Plasmid names and insert sizes are indicated. An arrow indicates the presence of a putative promoter in the

segment. For each plasmid, at least three independent measurements of ipc were performed as described in Materials and Methods; the

averages and standard deviations (SD) are given at the right. (B) Relationship between insert size (x axis) and ipc (y axis). For inserts of

between 356 and 2,552 bp, a log-linear relationship was observed. There was no significant variation in ipc above a 2,552-bp insert length.

I
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Southern hybridization was performed with pIL515 (Table 1)
as a probe. The results confirmed that integration occurred
by sco homologous recombination. For each plasmid used,
multiple-copy integration occurred in at least one of the
three integrants analyzed (data not shown). These results
show that pG'host plasmids provide a means for efficient
sco integration when they carry homologous segments as
small as 330 bp.

dco integration. The lack of efficient gene replacement
strategies in many gram-positive bacteria led us to develop
efficient direct gene replacement by a two-step dco system
with pG'host plasmids. It was previously reported (27) that
an active rc replicon inserted into the chromosome stimu-
lates homologous recombination between flanking repeated
sequences 20 to 450 times. In the sco system described
above, the integrated plasmid is flanked by repeated se-
quences. Thus, when integrant strains generated at 370C are
shifted to 280C, replication of the plasmid should strongly
stimulate a second recombination event. This event will
result in high-frequency excision of the replicon, giving rise
to either parental or dco chromosomal structure. We devel-
oped a gene replacement protocol based on this principle
(Fig. 3).
To study gene replacement, we used a poorly transform-

able strain of L. lactis, NCDO2118, which is a prototroph for
the branched-chain amino acids (Ilv, Leu, and Val). It is
notable that no genetic modification in this strain was
previously feasible. Two pG'host4 derivatives, which carry
either a contiguous or a noncontiguous chromosomal seg-
ment, were used in these experiments. Plasmid pIL1263
contains a contiguous 2.3-kb chromosomal fragment up-
stream of the ilv operon interrupted by a 4-kb DNA segment
containing a Tetr marker (8) (Fig. 4A). Gene replacement
would generate insertion of the Tetr marker in the chromo-
some and leave the ilv operon intact. Plasmid pIL1202
contains noncontiguous segments of 1.1 and 2.5 kb, corre-
sponding to the extremities of an 18.5-kb region, including
the ilv operon, joined by the 4-kb Tetr marker (6) (Fig. 4B).
Gene replacement would generate a 14.9-kb chromosomal
deletion, including the ilv operon, and lead to an ilv pheno-
type.

Selection for the replacing gene. A strain containing either
pIL1202 or pIL1263 was submitted to the growth conditions
described for dco in Materials and Methods, with Tetr as a
selective marker. In independent experiments with pIL1263,
69 and 98% of Tetr colonies were Ems; with pIL1202, 50 and
91% of Tetr colonies were Ems. In control cultures (kept at
37°C to block rc replication during the same time period), of
400 Tetr colonies tested, all were also Emr. This result
indicates that rc plasmid replication stimulates excision from
the chromosome. Five Ems colonies obtained upon integra-
tion of pIL1202 were grown on minimal medium without
branched-chain amino acids and found to be ilv, a result
confirming that replacement recombination had occurred.
The structure of the relevant chromosomal region of five Tetr
Ems isolates was examined by Southern hybridization (Fig.
4); gene replacement was confirmed in all cases.
No selection for the replacing gene. To mimic the case in

which the chromosomal fragment carried by the plasmid has
no selective marker, we used the same protocol as that
described above but without Tetr selection. In three exper-
iments with pIL1263 (gene insertion), 10 to 40% of colonies
obtained at 37°C without selection were Tetr Ems, a result
indicating that a gene replacement event had occurred. With
pIL1202 (chromosomal deletion), 1 to 7% of colonies were
Tetr Em', a result indicative of gene replacement. Of four

Integration
( 37.50C )

Tetr
-.

I Through A

OriTs Emr

R B

Excision
(28 0C)

Through A

R B

R

Through B

Tetr

R B

Wild Type Gene Insertion

FIG. 3. General strategy for dco integration. The first recombi-
nation event (integration), selected at 37.50C with antibiotic, occurs

by sco through region A. A shift of the sco integrants to 280C
activates replication of the integrated plasmid (Ori Ts), which
stimulates a second recombination event between the duplication
created by the first recombination event and leads to plasmid
excision. Excision through region A restores the parental chromo-
somal structure, while excision through region B gives rise to a gene

replacement. Alternatively, an initial sco recombination event at B
and excision at A also result in gene replacement. Symbols: straight
line, plasmid backbone; wavy line, chromosome; open boxes,
regions of homology between the chromosome and the plasmid;
closed bars, Tetr gene.

Tetr Ems colonies tested, all were idv. Chromosomal struc-
ture analysis of four dco integrants of each type, performed
as described above, confirmed that replacement had oc-

curred without selection for the newly inserted fragment
(data not shown). These results demonstrate the feasibility
of gene replacement without an antibiotic marker being left
in the chromosome. This protocol is thus suited for chromo-
somal modification without the use of selective markers.
Use of pG'host plasmids in other gram-positive bacteria.

The efficiencies of intermolecular recombination at 12 differ-
ent locations on the B. subtilis chromosome were previously
determined by transforming competent cells with a nonrep-

licative plasmid (1); in those experiments, the homologous
segment was invariant (a 3.7-kb inserted pBR322 fragment).
Efficiencies varied by only about threefold and were depen-
dent on position of integration. Using the pG'host sco

system, rather than a nonreplicative vector, we performed

.r
sEm

Ori Ts
iTetr
R4.
'I

R B
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FIG. 4. dco integration analysis. (A) dco with pIL1263. (Upper panel) Maps of pIL1263, wild-type chromosomal, and dco-modified
chromosomal structures. pIL1263 is a pG'host derivative that contains a 2.3-kb contiguous chromosomal fragment interrupted by the Tetr
gene (Table 1). Symbols: solid line, plasmid backbone; closed boxes, tetM gene; hatched boxes, regions of homology between the plasmid
and the chromosome; wavy line, chromosome; open boxes, regions of the 17.4-kb XbaI fragment with no homologous counterpart on the
plasmid. The ilv operon is delimited by the bent arrow, symbolizing a promoter, and the lollipop, representing a transcriptional terminator.
Restriction enzymes are indicated as follows: C, ClaI; H, HindII; R, EcoRI; X, XbaI. (Lower panel) Southern analysis of wild-type and
modified chromosomal structures. Two of the five Tetr Ems recombinants analyzed are shown. Chromosomal DNAs were digested with
ClaI-HindII and probed with pIL1261 (Table 1). In lane 1, NCDO2118 (parental strain) exhibits the expected 1- and 1.3-kb bands. In lanes
2 and 3, the two independent dco integrants exhibit the 1.3-kb band and two additional bands, of 2.2 and 2.8 kb, revealing insertion of the
Tetr gene. The amounts of DNA loaded in lanes 2 and 3 were smaller than that loaded in lane 1, explaining the difference in intensities of the
1.3-kb band. (B) dco with pIL1202. (Upper panel) Maps of pIL1202, wild-type chromosomal, and dco-modified chromosomal structures.
pIL1202 is a pG'host derivative that contains 1.1- and 2.5-kb extremities of the 18.5-kb XbaI fragment flanking the 4-kb Tetr gene. During
cloning, a ClaI site was generated between the 1.1-kb left-hand chromosomal fragment and the Tetr gene. In the wild-type chromosomal
structure, the whole ilv region is not shown; as a consequence, three ClaI sites are not indicated. Symbols are the same as in panel A. (Lower
panel) Southern analysis of wild-type and modified chromosomal structures. Two of the five Tetr Ems recombinants analyzed are shown.
Chromosomal DNAs were digested with ClaI and probed with pIL500 (containing the entire 18.5-kb XbaI fragment; Table 1). In lane 1, the
restricted wild-type structure shows seven bands, of about 10, 4.2, 3.7, 3, and 2.7 kb and a doublet of 2.2 kb. The bands of 10 and 3 kb
correspond to the right and left chromosomal junctions, respectively. The size of the left junction would be intact while the size of the right
junction would be increased by 3 kb (part of the Tetr gene) in a strain in which dco occurred. In lanes 2 and 3, the restricted dco-modified
structures show the two junction bands of expected sizes (13- and 3-kb faint bands), a 1-kb band (due to the plasmidic ClaI site), and the
disappearance of the internal ilv fragments present in the NCDO2118 pattern (lane 1). The 3-kb band corresponding to the left chromosomal
junction is hardly visible, since it has only 300 bp of homology with the probe. Fragment sizes estimated with the Raoul marker are indicated
in kilobases at the right side of each autoradiograph.
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identical recombination experiments on the two B. subtilis
strains showing the threefold variation in integration fre-
quencies. pG'host5, which carries a 1.4-kb fragment of
pBR322, was introduced into the B. subtilis strains of
interest (carrying the pBR322 chromosomal insertion).
When the sco procedure was used (see Materials and Meth-
ods), ipc frequencies varied from (1.8 + 0.6) x 10-3 to (6.1
+ 0.9) X 10-4. We found the same threefold maximal
variation between the two different locations as that ob-
served with the nonreplicative vector. This result demon-
strates the applicability of the system.
With a Ts plasmid joined to a pSC101 replicon, sco gene

disruption was recently obtained in the pathogen Strepto-
coccus pyogenes for construction of a strain altered in
M-protein production (28). We have also used pG'host
plasmids to obtain gene replacement in Listena monocyto-
genes (3). These results show that the use of pG'host
plasmids can be extended to gram-positive bacteria other
than L. lactis. However, plasmid replication, thermosensi-
tivity, background integration, and level of drug resistance
must be determined for each new host.

DISCUSSION

We have used thermosensitive pG'host delivery vectors,
which are nonreplicative above 370C, to obtain integration
by homologous recombination in the L. lactis chromosome.
sco integration was obtained all along the chromosome and
with as little as 330 bp of homology. This work constitutes
the first systematic study of homologous recombination in
lactic acid bacteria. A highly efficient protocol for dco
integration, in which selection for the replacing DNA is not
necessary, is described. The methodology is applicable to
numerous gram-positive bacteria.

sco integration. The integration frequencies for random
cloned segments (of 0.9 to 1.4 kb) varied by a factor of about
75 (Table 2). This variation could be due to specific signals
present on the homologous fragment or to a local conforma-
tion surrounding the fragment. Location-specific effects on
intra- and intermolecular recombination were previously
described for B. subtilis (1, 5, 36). The disruption of an
essential gene may be the reason for which only illegitimate
(nonhomologous) integration of the group II plasmids was
observed. The small size of the L. lactis chromosome (2.4
megabases; 16) may explain the high frequency (4 of 14) of
putative essential gene segments found by random cloning.
We examined integration at a single region as a function of

length of homology (Fig. 2). A log-linear relationship be-
tween insert size and the frequency of integration was
observed for inserts of between 0.35 and 2.5 kb, a result
suggesting a constant average probability of recombination
per nucleotide pair. Previous studies of integration by re-
combination in B. subtilis (24) and E. coli (24, 34) did not
reveal a similar log-linear correspondence. However, as the
experimental systems used (interplasmid recombination [24]
and suicide [34] and Ts plasmid delivery vectors) were all
different, direct comparisons are not meaningful. In a recent
study of sco integration in B. subtilis with a Ts derivative of
rc plasmid pE194, integration frequency showed a linear
dependence on substrate length (14). However, the homol-
ogous lengths were shorter than in this study (fragments of
77 to 165 bp), and it is likely that the starting vector (an rc
plasmid containing E. coli DNA) produced HMW (9).
We observed that the stability of the integrated plasmid

was greater than 99% after 75 generations at 37.5°C without
selection, a result indicating that such a structure can be

stably maintained at this temperature. Thus, sco integration
is useful for genetic studies and for the characterization of a
genetic region. As expected, none of the sco structures
appeared to be stable at 280C (data not shown).

dco integration in gram-positive bacteria. A limited number
of gram-positive bacteria, such as Streptococcus pneumo-
niae (30) and B. subtilis (4, 26), can achieve highly compe-
tent states and thus allow efficient assimilation of foreign
DNA into the genome. Even in these cases, selection is
required. The majority of bacteria, however, particularly
those of medical or industrial use, require extensive manip-
ulations to integrate foreign DNA. Nonselective systems of
integration have not been available for such gram-positive
bacteria. The strategy that we adopted with the Ts plasmid
(Fig. 3) constitutes, to the best of our knowledge, the first
demonstration of dco modification based on the stimulation
of recombination by an integrated rc plasmid. The reported
effects of rc plasmids on excision (27) and amplification (29)
motivated this approach. In this work, we used rc replication
to stimulate the second step of the dco procedure (plasmid
excision; Fig. 3). This procedure allowed us to obtain 50 to
98% gene replacement when selection for the replaced gene
was available and 1 to 40% replacement when no selection
was applied. In the absence of replication, dco integration
was not detected (less than 0.25%). This result is consistent
with the excision frequency obtained with a nonreplicative
delivery vector in L. lactis (below 10-' per generation; 19).
In our system, the excision frequency stimulated by the rc
plasmid appeared to be 102- to 103-fold higher.

It is of interest that in B. subtifis, rc but not theta
replication stimulates recombination (25). A dco protocol
based on a Ts derivative of pSC101 (a theta replicon) was
described for E. coli (10). The lower frequencies of gene
replacement reported might be attributed to the use of a 0
replicon delivery vector.

General applications of pG'host-mediated homologous in-
tegration. The Ts vector offers several advantages over
presently available integration systems for gram-positive
bacteria. Since the Ts vector can be established at a low
temperature in a large bacterial population before selection
of integrants, it can be used for integration in poorly trans-
formable bacteria. Because of the low shutoff temperature of
pG'host plasmids, this integration system can be used in
bacteria that have a limited temperature growth range. As
shown here, adaption of the plasmids with an E. coli replicon
facilitates constructions. The procedure that we used to
obtain dco integration is highly efficient and does not require
a selective marker in the replaced gene. The construction of
food-grade recombinant strains may have considerable ap-
plications in medical and industrial domains.

ACKNOWLEDGMENTS
We thank J. J. Godon and N. Goupil for supplying plasmids

pIL1202 and pIL1263 prior to publication. We are grateful to P.
Langella, Y. Leloir, T. H6ge, P. Duwat, and P. Dabert for frequent
discussions of this work.

This research was supported in part by a grant from the European
Economic Community (BRIDGE grant BIOT-CT91-0263).

REFERENCES
1. Biswas, I., V. Vagner, and S. D. Ehrlich. 1992. Efficiency of

homologous intermolecular recombination at different locations
on the Bacillus subtilis chromosome. J. Bacteriol. 174:5593-
5596.

2. Chopin, A., M. C. Chopin, A. Moilo-Batt, and P. Langella.
1984. Two plasmid-determined restriction and modification sys-
tems in Streptococcus lactis. Plasmid 11:260-263.

J. BACTERIOL.



GENE INACTIVATION AND REPLACEMENT SYSTEM 3635

3. Dramsi, S., I. Biswas, and P. Cossart. Unpublished data.
4. Duncan, C. H., G. Wilson, and F. Young. 1978. Mechanisms of

integrating foreign DNA during transformation of Bacillus sub-
tilis. Proc. Natl. Acad. Sci. USA 75:3664-3668.

5. Fouthi, N., and N. Guillin. 1990. Genetic analysis of fusion
recombinants in Bacillus subtilis: function of the recE gene.
Genetics 126:487-496.

6. Godon, J. J. Unpublished results.
7. Godon, J. J., M. C. Chopin, and S. D. Ehrlich. 1992. Branched-

chain amino acid biosynthesis genes in Lactococcus lactis. J.
Bacteriol. 174:6580-6589.

8. Goupil, N. Unpublished results.
9. Gruss, A., and S. D. Ehrlich. 1988. Insertion of foreign DNA

into plasmids from gram-positive bacteria induces formation of
high-molecular-weight plasmid multimers. J. Bacteriol. 170:
1183-1190.

10. Hamilton, C. H., M. Aldea, B. K. Washburn, and P. Babitzke.
1989. New method of generating deletions and gene replacement
in Escherichia coli. J. Bacteriol. 171:4617-4622.

11. Hanahan, D. 1985. Techniques for transformation of E. coli, p.
109-135. In D. M. Glover (ed.), DNA cloning: a practical
approach, vol. 1. IRL Press, Oxford.

12. Hofemeister, J., M. Israeli-Reches, and D. Dubnau. 1983. Inte-
gration of plasmid pE194 at multiple sites on the Bacillus subtilis
chromosome. Mol. Gen. Genet. 189:58-68.

13. Holo, H., and I. F. Nes. 1989. High-frequency transformation by
electroporation of Lactococcus lactis subsp. cremoris grown
with glycine in osmotically stabilized media. Appl. Environ.
Microbiol. 55:3119-3123.

14. Khasanov, F. K., D. J. Zvingila, A. A. Zainullin, and A. A.
Prozorov. 1992. Homologous recombination between plasmid
and chromosomal DNA in Bacillus subtilis requires approxi-
mately 70 bp of homology. Mol. Gen. Genet. 234:494-497.

15. Kok, J., J. M. B. van der Vossen, and G. Venema. 1984.
Construction of plasmid cloning vectors for lactic streptococci
which also replicate in Bacillus subtilis and Escherichia coli.
Appl. Environ. Microbiol. 48:726-731.

16. Le Bourgeois, P., M. Lautier, M. Mata, and P. Ritzenthaler.
1992. Physical and genetic map of the chromosome of Lacto-
coccus lactis subsp. lactis IL1403. J. Bacteriol. 174:6752-6762.

17. Le Bourgeois, P., M. Mata, and P. Ritzenthaler. 1989. Genome
comparison ofLactococcus strains by pulsed-field electrophore-
sis. FEMS Microbiol. Lett. 59:65-70.

18. Le Bourgeois, P., M. Mata, and P. Ritzenthaler. 1991. Pulsed
field gel electrophoresis as a tool for studying the phylogeny and
genetic history of lactococcal strains, p. 140-145. In G. M.
Deign, P. P. Cleary, and L. L. McKay (ed.), Genetics and
molecular biology of streptococci, lactococci, and enterococci.
American Society for Microbiology, Washington, D.C.

19. Leenhouts, K. J., J. Kok, and G. Venema. 1991. Replacement
recombination in Lactococcus lactis. J. Bacteriol. 173:4794-
4798.

20. Leenhouts, K. J., J. Kok, and G. V. Venema. 1989. Campbell-
like integration of heterologous plasmid DNA into the chromo-

some of Lactococcus lactis subsp. lactis. Appl. Environ. Mi-
crobiol. 55:394-400.

21. Leenhouts, K. J., B. Tolner, S. Bron, J. Kok, G. Venema, and
F. M. L. Seegers. 1991. Nucleotide sequence and characteriza-
tion of the broad-host-range lactococcal plasmid pWV01. Plas-
mid 26:55-66.

22. Maguin, E., P. Duwat, T. Hege, S. D. Ehrlich, and A. Gruss.
1992. New thermosensitive plasmid for gram-positive bacteria.
J. Bacteriol. 174:5633-5638.

23. Martin, P., P. Trieu-Cuot, and P. Courvalin. 1986. Nucleotide
sequence of the TetM tetracycline resistance determinant of the
streptococcal conjugative shuttle transposon TnlS45. Nucleic
Acids Res. 14:7047-7058.

24. Michel, B., and S. D. Ehrlich. 1984. Recombination efficiency is
a quadratic function of the length of homology during plasmid
transformation of Bacillus subtilis protoplasts and Escherichia
coli competent cells. EMBO J. 3:2879-2884.

25. Morel, F. Unpublished results.
26. Niaudet, B., A. Goze, and S. D. Ehrlich. 1982. Insertional

mutagenesis in Bacillus subtilis: mechanism and use in gene
cloning. Gene 19:277-284.

27. Noirot, P., M. A. Petit, and S. D. Ehrlich. 1987. Plasmid
replication stimulates DNA recombination in Bacillus subtilis.
J. Mol. Biol. 196:39-48.

28. Perez-Casal, J., J. Ayres-Price, E. Maguin, and J. R. Scott. An
M protein with a single C repeat prevents phagocytosis of
Streptococcus pyogenes: use of a temperature sensitive shuttle
vector to deliver homologous sequences to the chromosomes of
S. pyogenes. Mol. Microbiol., in press.

29. Petit, M. A., M. J. Mesas, P. Noirot, F. Morel-Deville, and S. D.
Ehrlich. 1992. Induction of DNA amplification in the Bacillus
subtilis chromosome. EMBO J. 11:1317-1326.

30. Pozii, G., and W. R. Guild. 1985. Modes of integration of
heterologous plasmid DNA into the chromosome of Streptococ-
cus pneumoniae. J. Bacteriol. 161:909-912.

31. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

32. Smid, E., and W. N. Konings. 1990. Relationship between
utilization of proline and proline-containing peptides and growth
of Lactococcus lactis. J. Bacteriol. 57:2447-2452.

33. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

34. Teifel-Greding, J. 1984. Integrative suppression-a way to de-
tect homologies between the Escherichia coli and cloned DNA
fragments. FEMS Microbiol. Lett. 23:187-190.

35. Terzaghi, B. E., andW. E. Sandine. 1975. Improved medium for
lactic streptococci and their bacteriophage. Appl. Microbiol.
29:807-813.

36. Vagner, V., and S. D. Ehrlich. 1988. Efficiency of homologous
DNA recombination varies along the Bacillus subtilis chromo-
some. J. Bacteriol. 170:3978-3982.

VOL. 175, 1993


